The virions of three ascoviruses isolated from the noctuids Heliothis zea, Spodoptera frugiperda and Trichoplusia ni were compared with respect to their size and structure, protein composition and the size and relatedness of their DNAs. The virions of the isolates from H. zea (HAV) and T. ni (TAV) were allantoid in shape (400x130 nm), enveloped and contained an inner particle which appeared to have an internal lipid bilayer surrounding the DNA core. The virions of the S. frugiperda isolate (SAV) were similar in structure and size, but were bacilliform in shape, and after formation, were often occluded in vesiculate occlusion bodies. In preparations of purified virions of each isolate, at least 12 polypeptides were detected that ranged in size from 10K to 200K and contained a major species of about 50K. The genome of SAV was about 140 kbp in size, whereas those of TAV and HAV were approximately 180 kbp. Analysis of DNA fragment patterns of the three isolates generated with BamHI, HindIII or XhoI, as well as DNA-DNA dot blot and Southern blot hybridization studies, demonstrated that HAV and TAV were closely related but not identical. The DNA from SAV, however, did not hybridize with the DNA from either of the other isolates. Thus the ascovirus isolates from T. ni and H. zea are considered variants of the same virus, whereas the isolate from S. frugiperda is a separate member of the ascovirus group.
Introduction
Ascoviruses are a recently discovered group of viruses that cause a chronic, ultimately fatal disease in larvae of the lepidopteran family Noctuidae (Federici, 1983; Harem et al., 1986) . The disease is marked by a milkywhite discolouration of the haemolymph which is due to the accumulation of high concentrations (> 10S/ml) of virion-containing vesicles in the haemolymph, a characteristic that distinguishes this disease from all others known in insects. The virion-containing vesicles are formed by an unusual developmental sequence in which the virus invades and destroys the nucleus and then induces the host cell to divide into a cluster of vesicles which form as virions begin to assemble. The virions of isolates of these viruses from different regions of the U.S.A. are large (400 nm in length), allantoid in shape, with complex symmetry and enveloped. They contain a genome of linear, double-stranded DNA greater than 130 kbp in size.
Although not yet sufficiently characterized to be described formally as a family, this new group of viruses has been tentatively named 'ascoviruses' in reference to the unique virion-containing vesicles formed by cleavage of host cells (Federici, 1983) .
The general description of ascoviruses given above is a composite based on properties of viruses isolated from Scotogramma trifolii and Trichoplusia ni in California (Federici, 1982 (Federici, , 1983 , Heliothis virescens and H. zea in South Carolina (Carner & Hudson, 1983; Hudson & Carner, 1981) and Autographa precationis, Heliothis virescens, H. zea and Spodoptera frugiperda in Florida and Georgia (Hamm et al., 1985 (Hamm et al., , 1986 . Little is known about the basic biology of these viruses or their genetic relatedness to one another. The viruses isolated from T. ni and Heliothis spp. have been experimentally transmitted to species of several other genera of noctuids, which suggests that these isolates have a broad host range or are a mixed population of viruses with different specificities (Federici, 1983; Harem et al., 1986) . On the other hand, the isolate from S. frugiperda has been transmitted successfully only to other species of the genus Spodoptera (Hamm et al., 1986) , suggesting a comparatively narrow host range. Thus, this isolate may be biologically distinct from the T. ni and Heliothis isolates. Supporting this idea are the findings of Federici & Govindarajan (1990) that the isolate from S. frugiperda infected only fat body tissue, whereas the isolates from T. ni and Heliothis spp. infected a broader range of tissues including the 0000-9230 © 1990 SGM epidermis, tracheal matrix and to a lesser extent the fat body tissue.
To increase our knowledge of these viruses and provide information useful for their accurate identification and classification and eventual formal description, we undertook a comparative study of the virions and genomic DNA of the isolates from H. zea, S. frugiperda and T. ni. In addition to being from different noctuid species, these isolates are from widely separated geographical regions of the United States. We characterized the virions in terms of their size and structure using electron microscopy and used SDS-PAGE to determine their polypeptide composition. The physical size and base composition of the viral genomes were also determined by restriction enzyme analysis and buoyant density centrifugation respectively. Finally, we investigated the relatedness of these isolates by comparing virion peptide and DNA fragment profiles and by DNA-DNA hybridization using dot blot and Southern blot analysis. This paper reports the results of these studies which demonstrate that the ascovirus isolates from H. zea and T. ni are variants of the same virus, whereas the isolate from S. frugiperda is sufficiently different to be considered a separate virus within the ascovirus group.
Methods
Virus isolates and production of viral vesicles. Isolates were obtained from H. zea (Hudson & Carner, 1981; Carner & Hudson, 1983) , S. frugiperda (Hammet al., 1986) and T. ni (Browning et al., 1982; Federici, 1983) . The H. zea isolate (HAV) was grown in H. virescens and the isolates from T. ni (TAV) and S.frugiperda (SAV) were grown in the species from which they were isolated originally, all by methods described by Govindarajan & Federici (1990) . Viral vesicles, also referred to as viron-containing vesicles, were isolated from the haemolymph of diseased larvae 7 to 10 days after early fourth instar larvae had been inoculated with virus. The haemolymph was obtained by puncturing about 30 larvae, collecting 1 ml of exudate in a tube held on ice and centrifuging it at 2000g in a microfuge. The sedimented viral vesicles were either used directly or stored at -70 °C as a pellet. Each ml of haemolymph yielded 2 x 108 to 4 x 108 viral vesicles, about 30% of the blood on a wet weight basis.
Purification of virions.
To isolate virions, 2 × 108 to 4 x 108 viral vesicles were suspended in 5 ml of 0.1 M-sodium phosphate buffer pH 7.4. The suspension was agitated by vigorous pipetting with a Pasteur pipette for 15 to 20 s, sonicated for 15 s at 10 W and then centrifuged at 2000 g to sediment undisrupted and partially disrupted vesicles. The supernatant fraction (about 4 ml) was layered onto a 20 to 55 % (w/w) sucrose gradient and centrifuged at 4 °C for 1 h in a Beckman SW27 rotor at 72100 g. The virion bands (one per tube) were collected, diluted four-to fivefold with phosphate buffer and centrifuged for 1 h at 4 °C in a Beckman Type 35 rotor at 110000 g to sediment the virions.
Isolation of viral DNA. In general, viral DNA was isolated by phenol extraction of inner particles. To obtain inner particles, virioncontaining vesicles were treated as described immediately above except that 5 ml of 1% Triton X-100 was used instead of the phosphate buffer. Use of this detergent further disrupted the vesicles liberating greater numbers of virions and removed much of the virion envelope. After purification of the inner particles on sucrose gradients (as above), the particle bands were collected, diluted fivefold with SSCE (0-15 MNaC1, 0.015 M-sodium citrate and 1 mM-EDTA pH 7-0) and centrifuged for 1 h at 4 °C in a Beckman Type 35 rotor at 110000g to sediment the particles. The particle pellet was suspended in 500 ~tl of TE (10 mMTris-HC1 and lmM-EDTA pH 7-8) to which was added 1 ml of a lysis buffer (100 mM-Tris-HCl, 10 mM-EDTA, SDS to 2% w/v, 200 mM-2-mercaptoethanol and sucrose to 54% w/v) and 50 pl of proteinase K (10 mg/ml). The mixture was incubated for 30 to 60 min at 37 °C, then extracted three times with buffer-saturated phenol and chloroform/ isoamyl alcohol (24:1). The DNA was precipitated with 2.5 Mammonium acetate in 100% ice-cold ethanol and resuspended in 0-1 x TE. The yield was 80 to 100 ~tg of viral DNA per ml of haemolymph (i.e. 2 to 3 pg/infected larva). Occasionally DNA was isolated by centrifuging virions for 16 h in caesium chloride gradients at 246000g in a Beckman Ti50 rotor as described by Federici (1983) . The yield was about half that obtained by phenol extraction.
Restriction endonuclease digestion and agarose gel eleetrophoresis.
DNA was digested with BamHI, EcoRI, HindlII, PstI and Xhol in appropriate buffers using 4 units of enzymefitg DNA at 37 °C for 3 h and resulting fragments were separated by electrophoresis in 0-7% or 0.4% agarose gels. DNA of the Autographa californica multinucleocapsid polyhedrosis virus (AcMNPV) digested with PstI (Cochran et al., 1982) and lambda DNA markers (BRL) were used as standards for determination of fragment sizes. Fragment sizes reported here for each viral isolate/enzyme combination are averages of three different determinations.
DNA-DNA hybridization. For dot blot hybridization, the DNAs were digested with Sau3A and then applied to pre-cut nitrocellulose filters using a HYBRI.DOT manifold (BRL). Each dot in the test contained 40 ng of DNA. The probe DNAs were labelled using an Oligolabelling Kit (Pharmacia); probe DNAs were digested with Sau3A and labelled with [32p]dCTP (Rigby et al., 1977) . The hybridization buffer (1.5 M-NaC1, 0.15 M-sodium citrate) contained a fivefold excess of the probe DNA with respect to the total amount of test DNA on the filters. Hybridization was carried out at 37 °C for 19 h.
For Southern blot analyses, procedures used were essentially those described by Southern (1975) . DNA fragments resulting from cleavage with the restriction enzymes were separated in agarose gels and then transferred to nitrocellulose filters. Probe DNAs were digested with HindlII or Sau3A and labelled with [3zp]dCTP. Hybridization was carried out at 65 °C without formamide. Hybridization experiments were repeated at least three times. Laemmli & Favre (1973) . Electrophoresis was in a 3% stacking gel and a 10% resolving gel in a Hoefer SE 600 system. Markers were lysozyme (14.4K), soybean trypsin inhibitor (21.5K), carbonic anhydrase (31K), ovalbumin (45K), bovine serum albumin (66K), phosphorylase b (92K), flgalactosidase (116K) and myosin (200K); the gels were stained with Coomassie blue.
SDS-PAGE. SDS-PAGE was as described by
Electron microscopy. Major viral structural components were negatively stained by mixing about 100 ~tl of haemolymph from infected larvae, or of a suspension of purified virions or inner particles, with an equal amount of2~ phosphotungstic acid pH 7-0 and placing a droplet on a Formvar-coated grid. Pieces of infected tissue or pellets of viral vesicles from haemolymph were fixed in 3% glutaraldehyde in 0-1 Mcacodylate buffer pH 7-4 and then in 1% OsO4, dehydrated in an ethanol-propylene oxide series and embedded in Epon-Araldite (Federici, 1982 sections were examined and photographed in a Hitachi 600 electron microscope.
Equilibrium density gradient centrifugation of viral DNA. Virions were disrupted gently by suspension in 500 ~tl of TE containing 1 ktgAtl of proteinase K. After 1 h at 37 °C, Sarkosyl was added to a final concentration of 5 % and the suspension was heated at 60 °C for 1 h and then layered directly on a caesium chloride (1-55 g/ml) solution containing ethidium bromide (0.5 ~tg/ml). A density gradient was established by centrifuging the solution to equilibrium at 20 °C in a Beckman Ti50 rotor at 246000 g for 48 h.
The base compositions of the ascovirus DNAs were deduced from their equilibrium densities as described by Schildkraut et al. (1962) . After purification, DNAs were gently pipetted with a Pasteur pipette to fragment the DNA, which was then labelled by nick translation (Rigby et al., 1977) with nucleotides labelled with 3H or 3zp. The DNAs were mixed with caesium chloride to a density of 1.700 g/ml and centrifuged for 48 h at 246000 g (to equilibrium) in a Beckman Ti50 rotor. Labelled AcMNPV DNA, which has a density of 1.701 g/ml was used as a standard in all gradients (Vlak & Odink, 1979) . The gradients were fractioned and assayed for radioactivity and absorbance at 260 nm. The density of gradient fractions was calculated from refractive indices measured with an Abb~ refractometer at room temperature using the equation : buoyant density (in g/ml = 10.8601 x refractive index -13.4974 (Ifft et al., 1961) .
Results

Virion structure
The principal structural components of the virions and vesicles in which the virions were most readily observed are illustrated in Fig. 1 . In all three isolates, the virions were found typically in spherical refractile vesicles (2 to 10 ~tm in diameter; Fig. la ) circulating in the haemolymph from 2 to 3 days post-infection onward. Within these vesicles, one or more virogenic stromata were located toward the centre during early stages of disease (Fig. 1 b) . The virions of all three isolates consisted of an inner particle and envelope. Typically, the inner particle obtained an envelope by budding through 'cytoplasmic' membrane during movement toward the periphery of the vesicle where the virions accumulated. In SAV, many of the virions were subsequently occluded in pleomorphic vesiculate bodies (Fig. 1 c and d ). When treated with Triton X-100, these occlusion bodies swelled and became distorted, but were only partially dissolved. Similar structures were not observed in viral vesicles of HAV or TAV.
In both ultrathin sections and negatively stained preparations, the virions of SAV were essentially bacilliform in shape and averaged 400 nm in length by 130 nm in width ( Fig. 1 d and e) . The envelope exhibited the characteristic reticulate pattern reported for ascoviruses (Federici, 1982) . The virions of HAV and TAV differed somewhat in shape from those of SAV in that one side of the virion was usually flattened (Fig. 1 f) . When packed in dense aggregations in vesicles, the virions of HAV and TAV were triangular in crosssection ( Fig. lb and i) . Virions of both these isolates exhibited a characteristic surface structure in negatively stained preparations (Fig. 1 f is of 1". ni; H. zea isolate not shown). In all three isolates, this distinctive surface pattern was always more apparent in negatively stained preparations made from the haemolymph of infected larvae ( Fig. 1 e and f) .
The internal structure of the virions of all three isolates consisted of an inner particle and outer envelope (Fig. ! g  to i) . As noted above, the inner particle was formed first (Fig. 1 g ) and then enveloped (Fig. 1 h) . The surface of the inner particle consisted of a distinct layer which contained repetitive spike-like subunits that extended to the envelope. These subunits were most easily observed in virions that were only partially enveloped (Fig. 1 h) and may be responsible in part for the distinctive reticulate pattern observed on the surface of virions in negatively stained preparations. In many ultrathin sections of both inner particles and mature virions, we also observed a translucent layer internal to the inner particle, which may have been a lipid layer (Fig. 1 g and   i) .
Proteins in virion preparations
Analysis by SDS-PAGE of proteins present in virion preparations demonstrated the presence of at least 12 proteins in virions of each of the isolates (Fig. 2) . In the HAV and TAV preparations, the proteins ranged in size from IlK to about 200K, with both isolates having a single major protein of about 52K. Differences were apparent between the protein profiles of these two isolates, the most notable being the presence of a second major HAV protein of 31-5K not observed in TAV. Protein in SAV preparations showed a similar complexity though the largest protein detected was 125K. SAV was similar to TAV and HAV in that the virion contained a major protein of 50K. Negative staining demonstrated that the virion preparations contained small quantities of vesicle remnants, and in SAV small amounts of occlusion body. Therefore, some of the minor bands observed in the polyacrylamide gels may not have been virion structural proteins.
Caesium chloride equilibrium density centrifugation
In CsC1 density gradients, the DNAs of all three isolates formed a single band (Fig. 3) indicating the lack of any apparent supercoiling; the AcMNPV control DNA always produced a lower band containing supercoiled circular molecules and an upper band of relaxed circles and linear DNA (Vlak & Odink, 1979) . The DNA of SAV banded at a density of 1.719 g/ml (i.e. a G + C ratio (Vlak & Odink, 1979) .
Restriction enzyme and D N A -D N A hybridization analysis
To obtain a preliminary indication of the relatedness of these viruses, a reciprocal D N A -D N A dot blot analysis was carried out with all three isolates (Fig. 4) . The restriction enzyme and Southern blot analyses confirmed and further clarified the relationships found in the dot blot hybridization studies (Fig. 5) . Regardless of the restriction enzymes employed ( B a m H I , E c o R I , HindIII, PstI, XhoI) , m a n y fragments of H when TAV DNA was used as a probe, it hybridized to more of the TAV DNA fragments than HAV fragments (Fig. 5) .
bromide. This suggests that this fragment consisted of multiple copies of a repetitive DNA sequence (data not shown).
Genome size
The sizes of the genomes were estimated by summation of the size of the DNA fragments generated with the restriction enzymes BamHI, HindIII ( Fig. 5 and 6 ) and XhoI. (Federici, 1983) . Here we have shown that the virions of HAV and SAV have essentially the same general properties. An interesting structural difference between the HAV and TAV isolates and the SAV isolate is the formation of vesiculate occlusion bodies by the latter (Fig. 1 e) . These bodies occlude virions in much the same way as occlusion bodies of viruses of other invertebrates, such as the nuclear and cytoplasmic polyhedrosis viruses and entomopoxviruses (Payne & Kelly, 1981) . However, the structure of the ascovirus occlusion body differs markedly from other invertebrate virus occlusion bodies in that the matrix consists mostly of what appear to be microvesicles, intermixed with protein and virions rather than containing principally a single protein such as polyhedrin (Vlak & Rohrmann, 1985; Rohrmann, 1986) . As in the case of occlusion bodies of other invertebrate viruses, these occlusions probably function to protect virions when outside the host. Whereas the results of structural studies reported here suggest that these three isolates are members of the same virus group, the D N A restriction enzyme fragment profile and D N A -D N A hybridization studies demonstrate clearly that the isolates are not all strains of the same virus (Fig. 4 and 5) . The data, particularly when combined with the studies of host range (Federici, 1983; Hamm et al., 1986) and tissue tropisms (Federici & Govindarajan, 1990) , make it possible to divide the isolates into two different groups, i.e. viral species, one containing the S.frugiperda isolate, the other the isolates from H. zea and T. ni. The latter two isolates have a similarity coefficient of at least 98 %, determined from calculations of nucleotide sequence divergence based on restriction enzyme fragment profiles (Nei & Li, 1979; Upholt, 1977; Kaplan, 1983) . Nevertheless, though very closely related, both the Southern blot analyses and (more importantly from a biological standpoint) the observation of slightly different tissue tropisms in these two isolates, make it apparent they are neither biochemically nor biologically identical. Their relationship, however, is close enough to consider them variants or slightly different pathotypes of the same virus. The lack of significant D N A hybridization between either HAV or TAV and SAV, on the other hand, does not exclude similarities in the structural organization of the genomes. Southern hybridization will only detect a D N A sequence homology of 6 6~ or greater (Soeda et al., 1980) . These two types of ascoviruses also differ markedly in the G + C content of their DNAs (Fig. 5) . The similarities in virion structure and assembly as well as their pathology in hosts, however, is suggestive of a high degree of organizational D N A structure homology. This situation also exists with baculoviruses, where a high degree of structural homology is detected despite the low level of D N A sequence homology (Smith & Summers, 1982; Leisy et al., 1984) .
The ascoviruses are a relatively recent discovery and probably were not found before because the gross signs of the disease are minor and difficult to observe under field conditions. However, some of the observations made in the current study suggest that there be many other members of this virus group. In particular the lack of any detectable hybridization between the H. zea and T. ni isolates and the S. frugiperda isolate, as well as the difference in G + C percentages between these two viral types, suggest a high degree of variation exists within the group.
